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Legged robots based on one degree-of-freedom reconﬁgurable planar leg mechanisms, that are
capable of generating multiple useful gaits, are highly desired due to the possibility of handling
environments and tasks of high complexity while maintaining simple control schemes. An
essential consideration in these reconﬁgurable legged robots is to attain stability in motion, at
rest as well as while transforming from one conﬁguration to another with the minimum number
of legs as long as the full range of their walking patterns, resulting from the different gait
cycles of their legs, is achieved. To this end, in this paper, we present a method for the
generation of input joint trajectories to properly synchronize the movement of quadruped
robots with reconﬁgurable legs. The approach is exempliﬁed in a four-legged robot with
reconﬁgurable Jansen legs capable of generating up to six useful different gait cycles. The
proposed technique is validated through simulated results that show the platform's stability
across its six feasible walking patterns and during gait transition phases, thus considerably
extending the capabilities of the non-reconﬁgurable design.
& 2015 Chongqing University of Posts and Telecommunications. Production and Hosting by Elsevier B.V.
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Legged robots have always been a preferred choice for a
variety of applications like search and rescue given their
versatile and rugged locomotion capabilities. The choice of
legged mechanisms often responds to design requirements
such as the ability to move through irregular terrains or to
increase stability, maneuverability or energy efﬁciency.ns. Production and Hosting by Elsevier B.V. This is an open access
enses/by-nc-nd/4.0/).
Fig. 1 Legged robots based on one degree-of-freedom reconﬁ-
gurable planar leg mechanisms may operate in environments and
tasks of high complexity while maintaining simple control
schemes. This four-legged robot is based on reconﬁgurable
Jansen legs capable of generating up to six different gait cycles.
S. Nansai et al.142However, any valid gait reconﬁguration – i.e., a useful change
of walking pattern – in these legged robots poses numerous
opportunities as well as research challenges. Legged animals
coordinate a wide range of components and systems to walk
adaptively and efﬁciently under a variety of speeds, terrains
and task goals including chasing, courtship and stealth.
The robotics literature shows a variety of design strategies
to generate different gait patterns in legged robots, including,
to name a few: structural combination of rigid and tensile
structural elements [1], morphological computation [2], oscil-
lator controller with pneumatic actuators [3] and biomimetic
adaptations based on ground contact timing [4] or using
sensorimotor coordination [5]. Alternatively, walking platforms
based on one degree-of-freedom reconﬁgurable planar leg
mechanisms, that are capable of generating multiple useful
gaits, while maintaining simple control schemes can also be
proposed. For example, in [6], a reconﬁgurable Jansen leg
that varies its hardware morphology to produce a wide set of
novel gaits by parametric changes of its components and sub-
assemblies was discussed. To ensure safe locomotion across a
difﬁcult terrain, a robot must be able to stably switch
between gaits either at rest or in motion. Literature points a
number of efforts to this end, [7] proposes an approach based
on acyclic feed forward motion patterns that allow a robot to
switch from one gait to another. Ref. [8] applies nonlinear
oscillators to model Central Pattern Generators (CPGs) that is
able to initiate/stop locomotion; generate different gaits, and
to easily select and switch between the different gaits
according to the speed and/or the behavioral context. Ref.
[9] attempts to induce a quadruped robot to walk and switch
gaits dynamically on irregular terrain and run on ﬂat terrain by
using a nervous system model.
A fundamental problem of the gait reconﬁguration solutions
based on reconﬁgurable legged robots is to reach stability both
in motion and rest, as well as while transforming from one
conﬁguration to another with the minimum number of legs,
while the complete range of walking patterns is available. In
this paper, we discuss a method for the proper generation of
input joint trajectories to synchronize the different gait cycles
and gait transitions of quadruped robots with one degree-of-
freedom reconﬁgurable legs. In order to exemplify our
approach, we focus on a four-legged robot with reconﬁgurable
Jansen legs (Fig. 1). Theoretically, such walking platform is
capable of generating up to six useful different walking
patterns, resulting from the different gait cycles of a reconﬁ-
gurable Jansen leg. It will be shown how, by using the proposed
technique, all these feasible patterns can be successfully
attained. In this way, the capabilities of a quadruped robot
based on standard non-reconﬁgurable Jansen legs are consider-
ably extended. In particular, the synchronization and the gait
transitions are realized by utilizing a trajectory generator based
on ﬁfth-polynomial interpolation. Our presented reconﬁgurable
platform, a novel approach of reconﬁgurable robot contained
within a nested reconﬁgurable concept [10], needs applications
for the synchronization for walking as well as the gait transi-
tions between the gait patterns. However, to design applica-
tions for each synchronization and each gait transition is
meaningless due to inﬁnite complexities. Hence, the biggest
challenge of this paper is to achieve these with the simplest
application as much as possible. This paper reports that all
synchronization and gait transitions can be achieved by only one
gait generator by utilizing ﬁfth-polynomial interpolation.The rest of the paper is organized as follows. Section 2
presents the speciﬁcations of the reconﬁgurable Jansen
platform under test. Section 3 deals with the formulation
of the trajectory generator. Section 4 puts forward the
synchronization strategy for coordinating multiple leg move-
ments to achieve the six distinct stable walking patterns.
Section 5 presents the static stability analysis of the synthe-
sized walking gaits. Detailed characterization of the realized
gait transitions for both static and dynamic cases are dealt in
Section 6. Static stability analysis of the gait transitions is
presented in Section 7. Finally, section 8 concludes this study.2. Speciﬁcation of the reconﬁgurable Jansen
platform
In this section, speciﬁcations of a developed reconﬁgurable
Jansen legged robot are discussed. This reconﬁgurable walking
platform is used herein as case study for the generation of
input joint trajectories to synchronize multiple reconﬁgurable
one-degree-of-freedom legs for realizing stable walking gaits.
In a previous study, we reported a reconﬁgurable approach
to robotic legged locomotion that produces a wide variety of
gait curves, opening new possibilities for innovative applica-
tions [6]. Such robot can vary its hardware morphology by
parametric changes of its link lengths. In particular, this
reconﬁgurable linkage switches from a pin-jointed Grübler
kinematic chain to a ﬁve degree-of-freedom mechanism with
slider joints during the reconﬁguration process. The identi-
ﬁed novel gait patterns are shown in Table 1.
An essential consideration in most legged platforms that
determines the required number of legs is the ability to attain
stability both in motion and rest. Previous works related to
legged platforms based on standard non-reconﬁgurable Jansen
legs have overcome the stability issues by utilizing more than
four legs – e.g. [14]. However, increasing the number of legs
gives rise to a range of other problems including greater cost
and size, a more complex electro-mechanical control system,
Table 1 The identiﬁed novel gait patterns.
Default curve Digitigrade locomotion Obstacle avoidance
It is interesting to note that the standard foot
trajectory of a Jansen leg resembles to the
plantigrade locomotion of some terrestrial
animals. In fact, this trajectory is quite similar
to those of the ankles of rats [11].
The shape of this curve is quite similar to the
gait cycle of a cat [12, Fig. 2]. Digitigrades
tend to be very fast runners [13].
In this case, the height of the
foot trajectory is a 36.74% of
the total height of the leg
Jam avoidance Step climbing Drilling motion
This type of trajectory is of interest because
facing the soil with an arc shape, allows to
look for a suitable support point at the same
time
This gamma-like pattern is appropriate for
climbing steps
This curve is of interest
because its needle-like shape
can be used for drilling
activities
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evident in the case of reconﬁgurable design approaches that
realize different gaits via, for instance, changing dimensions of
a set of links in the legs. Then, any increase in the number of
legs directly contribute to the complexity of the entire system.
Given the discussed factors, the development of reconﬁgur-
able walking platforms with a minimum number of legs is a
must. However, reconﬁgurable designs with less than four legs
should be avoided in order to maintain simplicity and evade the
related considerations of Zero Moment Point (ZMP) approaches
for achieving static and/or dynamic stability [15–17]. In addition,
in Jansen platforms, previous studies have shown the need to
account for toe slipping while realizing walking patterns due to
difference in speeds at which each leg moves [18]. Therefore, a
ZMP-centered solution seems inappropriate. In consequence, a
four-legged reconﬁgurable Jansen platform is considered for the
analysis discussed in this work.
A novel mechanical approach for achieving dynamic walk-
ing stability in a standard four-legged Jansen platform has
been previously proposed and validated [19]. In this app-
roach, a special gear system is designed to enable 3 point leg
contact with the ground surface at any time during the
walking process, thus achieving stability. However, adopting
the mechanical approach in a reconﬁgurable Jansen platform
would require an additional gear module for each new gait
produced or every conﬁguration of the robot. An alternative
control theoretic approach is here adopted to overcome the
need for additional gear modules and associated mechanical
complexities to achieve walking stability.
Fig. 1 shows the CAD design of a four-legged reconﬁgurable
Jansen platform. For details of the reconﬁgurable Jansen leg
and its different gait cycles, the interested reader is
addressed to [6]. In this robot, which possesses reconﬁgur-
able capabilities that result from the six gait patterns
presented in Table 1, each leg is controlled independently
by a rotary actuator. In the next section, the formulation for
the trajectory generation of input joints is presented.3. Design of the trajectory generator
A ﬁfth degree polynomial interpolation generates a smooth
trajectory from a starting point of a gait to an ending point as
the speed and the acceleration are represented as fourth and
third degrees respectively. Since, all trajectory parameters
(position, speed and acceleration) in this approach are repre-
sented as a continuous function, load forces to the actuators
can be decreased. Given these advantages, we use this
technique for our generation of trajectories, an approach that
has been successfully used previously in the community [20–22].
The trajectories of position r(t), speed r ̇ðtÞ and accelera-
tion r ̈ðtÞ in terms of time t are deﬁned as follows:
rðtÞ ¼ a5t5þa4t4þa3t3þa2t2þa1tþa0; ð1Þ
r
: ðtÞ ¼ 5a5t4þ4a4t3þ3a3t2þ2a2tþa1; ð2Þ
r
::ðtÞ ¼ 20a5t3þ12a4t2þ6a3tþ2a2; ð3Þ
where ai ði¼ 0;…; 5Þ represents coefﬁcients and these are
derived from initial states and ﬁnal states of a given gait.
The initial and the ﬁnal states are deﬁned as xs and xf
respectively, and let a transformation time T (s) be con-
stant. Using Eqs. (1)–(3), the initial states at the starting
time, a0, a1 and a2, are derived as follows:
rð0Þ ¼ a0 ¼ xs; ð4Þ
r
: ð0Þ ¼ a1 ¼ x: s; ð5Þ
r
::ð0Þ ¼ 2a2 ¼ x:: s: ð6Þ
Also, from the relation of the ﬁnal states at the ending
time, we have
rðTÞ ¼ a5T5þa4T4þa3T3þa2T2þa1Tþa0 ¼ xf ; ð7Þ
r
: ðTÞ ¼ 5a5T4þ4a4T3þ3a3T2þ2a2Tþa1 ¼ x: f ; ð8Þ
r
::ðTÞ ¼ 20a5T3þ12a4T2þ6a3Tþ2a2 ¼ x:: f : ð9Þ
S. Nansai et al.144By representing Eqs. (7)–(9) as a matrix form, a3, a4 and a5
are derived as follows:
a5
a4
a3
2
64
3
75¼ A1
xfxsx: sT x
::
s
2 T
2
x
:
fx: sx:: sT
x
::
fx:: s
2
664
3
775 ð10Þ
where
A¼
T5 T4 T3
5T4 4T3 3T2
20T3 12T2 6T
2
64
3
75
Our strategy for synchronization and gait transition is
designed based on the trajectory generator presented in this
section. As the ﬁfth degree polynomial interpolation can be
calculated uniquely depending upon the initial conditions xs,
the ﬁnal conditions xf and the transformation time T, theFig. 2 Walking patterns in quadruped robots.
Fig. 3 The switching angles of support leg and idling leg. The red
idling leg, respectively.synchronization and the gait transition strategy is therefore
designed by deﬁning these states. And, it is shown that the
synchronization and the gait transitions are realized by
utilizing only this gait generator designed in this section.4. Synchronization
A leg synchronization strategy for realizing a set of stable
walking gaits in reconﬁgurable quadruped Jansen platform
is proposed. Several locomotion patterns are available from
the literature for the case of a general quadruped robot as
shown in Fig. 2 (adapted from [23]). Particularly, in this
work, we focus on the synchronization strategy for the
“walk” pattern. The other three patterns, that involve
situations wherein only two legs contact the ground surface,
are left for future work.
From Fig. 2, it can observed that in walk there is a switch
of the idling leg with phase of 90 degrees, and the switching
sequence of the idling leg is “Left-Fore”- “Right-Back”-
“Right-Fore” - “Left-Back” - “Left-Fore” -, and so on.
It could be concluded as well that the state sequences for
the walk pattern has a constant phase, if the idling leg is
assumed as a state. We use the trajectory generator
introduced in Section 3 to produce trajectories to move
from one state to the next one. Note that, since the walking
platform under study is based on a one degree-of-freedom
reconﬁgurable linkage, there is no need of a stabilization
controller for the resulting trajectories.
Since the height of a leg in a platform that is based on a
Jansen linkage depends only on the angle of the driving link,
the angle of the input joint, say θ, the support leg and the
idling leg can be switched depending on the value of such
angle. In addition, the state transition can also beand green curves represent the sections of the support leg and
145A novel approach to gait synchronization and transition for reconﬁgurable walking platformscontrolled by the angle of the driving link. For the purpose
of deﬁning the order of the states through naming conven-
tion, we deﬁne the states of the idling leg “Left-Fore”,
“Right-Back”, “Right-Fore” and “Left-Back” as “PHASE 1”,
“PHASE 2”, “PHASE 3”, and “PHASE 4”, respectively. The
switch angles of the support and idling legs for gaits
presented in Table 1 are presented in Fig. 3 and Table 2.
In Fig. 3, θA and θB are deﬁned by the nature of each
individual gait pattern. For the “default curve”, θA is deﬁned
by angle of curvature at the rightmost point of the gait
pattern, and θB is deﬁned by the angle of curvature at the
equivalent point at same height on the vertical axis as θA. For
the “Digitigrade locomotion” and “Step climbing”, θA is
deﬁned by the angle of curvature at the rightmost point of
the gait pattern, and θB is deﬁned by the angle of curvature
at the leftmost point. For the “Obstacle avoidance” andTable 2 The switching angles of support leg and idling leg.
Switch angle Default curve Digitigrade locomotion Obstacle
θA (rad) 1.05 1.09 0.91
θB (rad) 5.55 4.97 0.04+2π
Table 3 Initial states of each leg for the synchronization (n :
State PHASE 1 (rad) PHASE 2 (rad)
Left fore θAþ2πn θBþ2πn
Left back θA2πðn1Þ θAη2πðn1Þ
Right fore θBþηþ2πðn1Þ θAηþ2πn
Right back θBþη2πn θB2πn
Fig. 4 The simulation result of the synchronization for the stable w
leg: Right-Fore. Purple leg: Right-Back. The generated trajectories
avoidance” (right-bottom).“Jam avoidance”, θA and θB are deﬁned by the angle of
curvature at two points of the gait pattern that intersects an
arbitrary threshold set on the vertical height axis whose
value is chosen to be lower than the height of the rightmost
point of the gait.
In the case of “Drilling motion”, θB is deﬁned by the angle
of curvature at the lowest vertical height point of the gait
pattern and θA is deﬁned by the angle of curvature of an
arbitrary point on the right-center of the gait pattern. Such
atypical angular values are utilized for the “Drilling motion”
because the pattern represents a tooling task that is very
different from walking, as it is the case in the other gait
cycles. The initial states of each PHASE are presented in
Table 3 and the ﬁnal states of each PHASE are the initial
states of next PHASE. By utilizing these initial and ﬁnal
states and the trajectory generator designed in Section 3,avoidance Jam avoidance Step climbing Drilling motion
0.88 1.24 3.00
5.70 5.052π 4.892π
count of loop of PHASE, η¼ ðθAθBþ2πÞ=3).
PHASE 3 (rad) PHASE 4 (rad) Speed (rad/s)
θBþηþ2πn θAηþ2πðnþ1Þ η=T
θBþη2πn θB2πn η=T
θAþ2πn θBþ2πn η=T
θA2πn θAη2πn η=T
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for the driving link (right-top). The gait pattern of “Obstacle
Table 4 Results of the static stability analysis of the synchronization.
Gait pattern PHASE 1 PHASE 2 PHASE 3 PHASE 4
Default curve
Digitigrade locomotion
Obstacle avoidance
Jam avoidance
Step climbing
Drilling motion
S. Nansai et al.146the stable walking for the obstacle avoidance gait can be
realized as shown in Fig. 4.
The proposed trajectory generator is useful in realizing a
set of stable walking gaits achieved through synchronization
of leg movements.5. Static stability analysis of the realized
gaits
This section presents the results of the static stability
analysis for the intermediary phases of the walking gaits
considered in this study. Relation between the support legs
and center of gravity (COG) of the robot is presented in
Table 4 where black points represent the COG of the robot,
and red points, blue points, green points and purple points
represent the contact point of the support legs, and the
gray line represents the static stability zone.
These static stability results show that the proposed
approach generates walking gaits whose constituent phases
possess static stability – observed by the existence of center of
gravity within the static stability zone. However, low stability
margins are observed in Table 4 when computed by known
evaluation methods [24–26]. This results from the fact that the
idling leg moves on a speciﬁc plane, and movements outside it
cannot be physically achieved or controlled. And, the fact is
one of the big characterization of using the Jansen linkage
mechanism. An ordinary leg mechanism installing someactuators on 1 leg consists of simple mechanisms, and realizes
walking by seeking complexities for walking to a control
system. Hence, the main challenge has been to design an
application capable of keeping high stability. On the other
hand, our platform has utilized the Jansen linkage mechanism
as the leg mechanism. The Jansen linkage mechanism is
capable of driving with 1-DOF, and realizes walking by seeking
complexities for walking to a mechanical system. Therefore,
the main challenge is to design a simple application as much as
possible with maintaining the minimum stability. That is, the
stability and the complexity of the application are always
trade-off. Thus, the issues about the stability of the platform
should be discussed. But, several solutions can be identiﬁed in
order to improve such margins while maintaining the simplicity
of control, for example, adding a horizontal moving weight in
the body that moves away from the idling leg. In any case, this
is an aspect that deserves further research.6. Characterization of gait transition
We have so far discussed leg synchronization problem
associated with gait generation and stability analysis for a
set of synthesized walking gaits in a reconﬁgurable Jansen
platform. Another key challenge in such shape shifting robots
is to realize a stable gait transition. Two approaches have
been put forward in the literature. Ref. [27] proposes a
strategy that involves gait transition at rest (Static gait
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Fig. 5 The transformation from “Obstacle avoidance” to “Jam avoidance” by Static Transformation. Top: Some steps of the
transformation. The binary links of variable dimension are highlighted in orange-red and dark-blue. Bottom: The generated
trajectories for the driving link.
Table 5 The initial and ﬁnal state of the idling leg in
the transformation in walking (fðθ; lÞ: Length of P1P8 [6]).
Variables Initial states Final states
θ Position (rad) θA θ
0
B
Speed (rad/s) 7η=T 7η
0
=T
l Position (%) PiPj : a PiPj : 0
PmPn : 0 PmPn : b
Speed (%/s) 0 0
y Position (m) 0 fðθA; lÞfðθ0B; l
0 Þ
Speed (m/s) 0 0
147A novel approach to gait synchronization and transition for reconﬁgurable walking platformstransition) and [28] studies gait transition while in motion
(Dynamic gait transition). The static gait transition has
obvious advantages allowing switching of gaits within arestricted space as well as increased stability due to the
robot platform being at rest. On the other hand, the dynamic
gait transition allows for a seamless switching of gaits as the
process happens in motion without any disruption. In this
paper, we present our experiments utilizing both the static
and dynamic approaches to gait transition. Both the
approaches are compatible with the proposed trajectory
generator where the transition of gaits is achieved by
substituting the initial and ﬁnal states together with the link
dimension and angle of the driving link into the trajectory
generator as discussed in Section 4. These sets of associated
variables are then deﬁned namely, θ represents the angle of
the driving link, l represents the length of the variable link
(for example, it is P1P2 and P7P8 in the case of transitioning
from “Obstacle avoidance” into “Jam avoidance”, see details
in [6]), and y represents the height of whole leg. In addition,
a prime added
0
to these variables represents the state after
transition.
-1
 0
 1
 2
 3
 4
 5
 6
 7
 8
 0  1  2  3  4  5  6
an
gl
e 
[r
ad
]
time [s]
Left-Fore
Left-Back
Right-Fore
Right-Back
Fig. 6 The transformation from “Obstacle avoidance” to “Jam avoidance” by Transformation in Walking. Left: Some steps of the
transformation. The binary links of variable dimension are highlighted in orange-red and dark-blue. Right-Top: The generated
trajectories for the driving link. Right-Bottom: The foot trajectory of leg “Left-Fore”. The green and red line represent the
trajectory of the idling leg and the support leg, respectively. The blue line represents the foot trajectory under the transformation.
S. Nansai et al.1486.1. Gait transition I – static gait transition
In this method, the robot changes gait while at rest involving
transitioning of all legs at the same time while in contact
with the ground. Such an approach where the initial state of
gait transition corresponds to the resting PHASE is set to
ensure increased stability. In general, a gait transition in this
case would start with bringing the robot platform to rest at
the initial state of either one of the PHASE, realize gait
transition and restart motion upon completion of the struc-
tural changes needed for the gait transition.
In the case of transitioning from PHASE i ði¼ 1;…; 4Þ of
pattern A to another pattern B; θ, l on the PHASE
i ði¼ 1;…; 4Þ are deﬁned as the angle of the driving link
and length of the variable link at the initial state and θ
0
, l
0
are deﬁned as the values at the ﬁnal state. These values are
then fed to the proposed trajectory generators to achieve
synchronization of legs for stable gait transition. Since it is
assumed that the robot is at rest at the initial and ﬁnal
states, their velocity components are deﬁned as θ
: ¼ 0,
θ
: 0 ¼ 0, l
:
¼ 0, l
:0 ¼ 0. Fig. 5 presents the gait transition from
“Obstacle avoidance” into “Jam avoidance” at rest as an
example. The binary links of variable dimension are high-
lighted in orange-red and dark-blue in Fig. 5.6.2. Gait transition II – dynamic gait transition
In this method, the gait transition occurs while in motion and
speciﬁcally during walking in this case. The proposed trajec-
tory generator as discussed in the previous sections is utilized
to achieve synchronization of the legs needs for stable gait
transition. Gait transition in this case may involve legs in
different conﬁgurations leading to large height differencebetween the supporting legs irrespective of having the same
height of θA and θB set during the synchronization phase.
Other negative implications could involve supporting legs not
coming in contact with the ground or idling leg coming in
contact with the ground. To avoid these pitfalls, the height of
the leg after transition is set to the same height of θA that
exists before gait transition. In our previous study [6], the
height of each leg in speciﬁc conﬁguration was dependent
directly on the angle of the driving link and the link
dimensions while the gait transition always occurred at the
lowest point of that gait pattern. On the other hand, in this
study, the height of each leg in speciﬁc conﬁguration is also
adapted utilizing the designed trajectory generator as the
gait transition occurs in the idling phase while the leg is not
in contact with the ground.
The initial and ﬁnal states of the idling leg are shown in
Table 5, where fðθ; lÞ represents P1P8 for the angle of the
driving link θ and the link dimensions l. And, the ones for the
supporting legs are shown in Table 3, where the parameters
of a transformed gait are used for the legs upon transition.
Fig. 6 presents the dynamic gait transition from “Obstacle
avoidance” to “Jam avoidance” as an example. The binary
links of variable dimension and the vertical movement of the
grounded revolute joint centers are highlighted in orange-
red, dark-blue, and light-green in Fig. 6.7. Stability analysis of gait transition
This section presents the static stability analysis for all gait
transitions synthesized with our reconﬁgurable Jansen platform.
Firstly, we will discuss the stability analysis of the static gait
transitions where the transformation occurs always on the
initial state of the PHASE. As shown in Fig. 3 and Table 3, the
Table 6 Results of the static stability analysis of the gait transition II – dynamic gait transition.
Default curve
Digitigrade locomotion Obstacle avoidance Jam avoidance Step climbing Drilling motion
Digitigrade locomotion
Default curve Obstacle avoidance Jam avoidance Step climbing Drilling motion
Obstacle avoidance
Default curve Digitigrade locomotion Jam avoidance Step climbing Drilling motion
Jam avoidance
Default curve Digitigrade locomotion Obstacle avoidance Step climbing Drilling motion
Step climbing
Default curve Digitigrade locomotion Obstacle avoidance Jam avoidance Drilling motion
Drilling motion
Default curve Digitigrade locomotion Obstacle avoidance Jam avoidance Step climbing
Fig. 7 The variety of the supporting leg polygon of the quadruped robot. The gray area represents the static stability zone.
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S. Nansai et al.150robot would maintain stability in the case of static gait
transitions given that the legs are always in contact with the
ground. Also, the use of sliding screw mechanism for achieving
structural reconﬁguration of the platform prohibits any instan-
taneous gait transitions and associated stability issues. As for
the stability during dynamic gait transition, the relationship
between the support legs and COG of the robot for all gait
transitions are presented in Table 6. In case of PHASE 1 and
PHASE 4, the static stability would be maintained as illustrated
in Table 4 given that all support legs are in the same
conﬁguration before and after gait transition. Hence, the focus
of our further discussion will be on the static stability analysis in
the PHASE 2 and PHASE 3. Table 6 presents the stability analysis
with respect to PHASE 2 where the black points represent the
COG of the robot, whereas red points, blue points, green points
and purple points represent the contacting points of the support
legs, and gray line represents the static stability zone. From
Table 6, it can be inferred that the proposed approach ensures
stable gait transition in PHASE 2 while walking as the center of
gravity always remains within the static stability zone.
Our quadruped robot always walks with three support
legs and one idling leg forming a triangular supporting leg
polygon. For such a conﬁguration, the stability of the robot
would be ensured if the COG falls within the supporting leg
polygon. Our case involves four potential variants of trian-
gular polygons as presented in Fig. 7. When the COG of the
robot exists at its center, then the positional relationshipFig. 8 The positional relationship between a line on the 2 legs
in opposing corner and the COG which is relevant to the static
stability. If the COG exists in side of the support leg than the
line, the robot is static stable.
Fig. 9 The variety of combination of the gait pattern. “A” within ci
pattern B, respectively.between a line connecting the two legs in opposing corners
to which the COG is nearest and the COG directly impacts
the static stability. In general as shown in Fig. 8, if the COG
exists inside the triangular polygon formed by the support-
ing legs and the line connecting the two legs in opposing
corners to which the COG is nearest, then the robot is
statically stable (Fig. 8(a)) else unstable (Fig. 8(b)). For
situations involving gait transitions as shown in Fig. 9 from
gait A to gait B, our approach ensures that two of the
supporting legs in opposing corners would always have the
same conﬁguration. Such an approach ensures static stabi-
lity while gait transition in motion with respect to PHASE 3.
Thus, the static stability of the dynamic gait transition can
be achieved by realizing static stability of the realized gaits
and the stability in PHASE 1–4 of the gait transition.8. Conclusion
An original design approach has been presented in this
paper towards the development of a trajectory generator
that realizes a set of stable walking gaits and gait transition
for a reconﬁgurable Jansen platform. We have discussed a
novel strategy to address the leg synchronization problem in
this reconﬁgurable design and gait transition. Stability
analysis is presented for prospective six gait patterns
generated and all gait transitions by the reconﬁgurable
platform and results discussed in view of validating the
proposed approach. The proposed method has achieved the
synchronization of the gait patterns as well as the gait
transition between the gait patterns by the simple applica-
tion consisting of only one trajectory generator. And, the
designed application is applicable for the synchronization
and the gait transitions, even though new gait patterns are
explored in the future works. While it has been shown that
the minimum static stability of both the synchronization and
the gait transitions, new challenges for higher stability have
been raised. The ability to adapt to situations and produce
appropriate stable gaits and switch between gaits would
extend the capabilities of the robot beyond their intended
application. A four-legged robot is currently being con-
structed to validate the robustness of the produced gaits
and control approaches for real world deployments.rcle and “B” within square represents a gait pattern A and a gait
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